N o-till system (NT) can provide substantial improvements in physical, chemical, and biological soil characteristics, reducing nutrient loss and soil erosion, as well as increasing soil organic matter and soil water retention Bolliger et al., 2006) . However, the low soil disturbance associated with NT can result in higher nutrient concentration near the soil surface (stratifi cation), especially for immobile nutrients such as P (Howard et al., 1999; Adee et al., 2016; da Costa and Crusciol, 2016) . Stratifi cation of nutrients can aff ect plant root growth and therefore impact plant response to soil moisture and precipitation conditions.
Plant root systems typically show high adaptability during the growing season, adjusting to environmental conditions as well as water and nutrient availability (Williamson et al., 2001) . Crop root biomass is generally higher around areas of high nutrient concentration due to fertilizer application, especially in the 0-to 10-cm soil layer (Li et al., 2017) . Greater root growth near the soil surface can also be associated with genetic traits (Salisbury and Ross, 1992) . However, previous studies have shown that P fertilizer placement can aff ect root morphology and growth (Borkert and Barber, 1985; Lu and Miller, 1993; Denton et al., 2006) . Phosphorus contributes to induce the initiation and subsequent extension of primary and secondary roots (Drew, 1975; Salisbury and Ross, 1992) .
Broadcast application of P fertilizer can provide savings in time and labor and therefore a popular practice among producers. However, under the NT system surface P fertilizer application can promote high concentration of available P near the surface (0-2 cm), stimulating shallower root growth (Williamson et al., 2001) . Th erefore, plant P uptake may decrease during periods of drought with very low soil moisture near the surface (Borges and Mallarino, 2000) . In addition to shallow fertilizer placement, other factors, such as the increase in soil bulk density and soil acidity at deeper soil depths resulted in physical and chemical limitations for aBStract Tillage system and P fertilizer placement can aff ect plant root growth and therefore water and nutrient uptake. Th e objective of this study was to evaluate the eff ect of P fertilizer placement and tillage system on soybean [Glycine max (L.)] root growth and grain yield under induced drought stress. A fi eld study was performed at two locations in southern Brazil, during the 2014/2015 season. Phosphorus fertilizer placement and tillage combinations were evaluated using triple superphosphate at 31 kg P ha -1 . Treatments included: (i) strip-tillage with deep band (ST-DB); (ii) strip-tillage with band-applied 5 by 5 cm (ST-B); (iii) no-till with broadcast (NT-BR); (iv) no-till with band-applied 5 by 5 cm (NT-B); and (v) no-till with surfaceband (NT-SB). Root length density (RLD) and root diameter were evaluated at 0-to 25-cm depth in 5-cm intervals. Yield was evaluated under rainfed as well as under induced drought conditions. Th e ST-DB treatment showed increased total RLD among treatments, with about 58% greater RLD than the NT-BR treatment, and 46% greater RLD than the NT-B treatment at the 15-to 25-cm soil depth. Furthermore, the soybean yield penalty with the ST-DB treatment was lower than any other treatment with a yield reduction of about 9 and 0.3% at respective locations under induced drought stress. Results from our study showed that the ST-DB treatment contributed to enhance soybean root growth at deeper soil layers and improved overall resilience to induced drought.
deeper plant root growth in tropical soils. These factors have led in some cases to the implementation of tillage operations in fields otherwise managed under NT (Calonego et al., 2017) . On the other hand, band application of P fertilizer can contribute to reduce potential P fixation in Oxisol soils (Balastreire and Coelho, 2000) increasing P availability to the root system (Shen et al., 2011) . Furthermore, the combination of P fertilizer placement and some level of tillage such as strip-tillage may provide benefits under some specific production conditions (Adee et al., 2016) .
Changes in root distribution promoted by deep placement of P fertilizer may contribute to increase P use efficiency; and may affect the resilience of the plant to short-term drought stress. Recent studies demonstrated that deep root systems have an important role in water use efficiency (Hatfield et al., 2001; Fageria and Moreira, 2011; Joris et al., 2013) . On the other hand, roots near the soil surface can become dependent on the water provided by rainfall events (Lynch, 2013; Tron et al., 2015) . Therefore drought is considered as the main factor contributing to the year-to-year yield variability in rainfed and dryland agriculture (Purcell et al., 2000) .
Studies evaluating soybean root growth characteristics under different P fertilizer placement and tillage systems are lacking. Likewise, the potential implications of soybean root growth on plant resilience to short periods of drought has not been evaluated. The objective of this study was to assess the effect of P fertilizer placement and tillage on soybean root growth and yield response under imposed drought stress conditions.
MaterialS and MethodS field Sites and experimental design
Two field experiments were performed near Nao-Me-Toque (Location 1) and Sao Sepe (Location 2), in the state of Rio Grande do Sul, southern Brazil. The study was performed during the 2014-2015 growing season. Both locations were established at farmers' fields with different management history. In Location 1, NT was adopted for over 30 yr and Location 2 was a recently established NT with approximately 6 yr under NT. The crop rotation used in both fields were soybean/corn (Zea mays L.). The soil at Location 1 was classified as a Typic Haplortox, and Location 2 as Typic Paleudalf (USDA-NRCS, 2003) . Additional soil, as well as climate characteristics for the study locations were presented in Hansel et al. (2017) . Soil chemical characteristics for both locations are presented in Fig. 1 .
The experimental design was a randomized complete block with five treatments and three replications. Individual plot size was 15 by 200 m and soybean row spacing was 45 cm. Treatments consisted of P fertilizer placement and tillage combinations: (i) ST-DB; (ii) ST-B; (iii) NT-BR; (iv) NT-B; and (v) NT-SB. For the ST-DB treatment the fertilizer was applied at 20-cm depth. The P fertilizer was applied at a rate of 31 kg P ha -1 for all treatments using triple superphosphate [(0-46-0) , (N-P 2 O 5 -K 2 O)]; no other nutrients were applied. The soybean varieties used were NA5909 RG (Nidera, Brazil) at Location 1, and Monsoy 5917 IPRO (Monsanto, Brasil) at Location 2 at a seeding rate of 330,000 and 300,000 seeds ha -1 , respectively. The full description of tillage and planting equipment used in the study were reported by Hansel et al. (2017) .
Mobile rain-out shelters were installed for four selected treatments (ST-DB, NT-BR, NT-B, and NT-SB) to assess the impact of a drought stress during the reproductive soybean growth stage particularly grain filling. The induced drought stress was imposed for 25 d at approximately the R3 growth stage when soybean is considered to be more susceptible to environmental stresses (including water and/or diseases). The number of pods is determined during the early stage of pod development (Dybing et al., 1986) , and a drought stress at this stage can significantly increase the rate of pod abortion thus decreasing final grain yield (Liu et al., 2003) . The rain-out shelters were 3 by 4 m in size and built with a wood frame and using a plastic cover of 0.1 mm transparent plastic polyethylene film excluding 100% of the rainfall. Drains were built around the rainout shelters to prevent the effect of water runoff. Soybean was harvested for yield inside the rain-out shelters excluding 0.5 m of the borders. The total precipation in both locations during the experimental period is shown in Fig. 2 . 
Sampling and Analyses
Soil characterization was completed prior to planting collecting a total of 10 soil cores in the study area at the 0-to 5-, 5-to 10-, 10-to 20-, 20-to 30-, and 30-to 40-cm sampling depth. Soil samples were air-dried at 40°C, ground to pass a 2-mm sieve and stored in plastic containers. Samples were analyzed for soil texture (Bouyoucos, 1962) ; soil pH (1:1 soil/water ratio) (Shoemaker et al., 1961) ; soil organic carbon (SOC) (Walkley and Black, 1934) ; Mehlich I-extractable P; 1.0 mol L -1 KCl-extractable Ca, Mg, and Al (EMBRAPA, 1979) . Phosphorus was determined by colorimetry (Nelson et al., 1953) , and Al was titrated with NaOH 0.025 mol L -1 (EMBRAPA, 1979) .
Soybean root growth was evaluated at approximately the R3 growth stage using the Needle Board Monolith method and rooting profile (adapted from Görbing, 1948; Böhm, 1979; Li et al., 2017) . The monoliths were 30 by 40 by 10 cm (height by length by width) with needles spaced in a 5 by 5 cm grid. The total soil volume collected with this method was 8.75 dm -3 . A 2-mm stainless steel mesh was placed on the board through the needles before sampling to help keep the soybean roots in its original place during the root washing process. A trench of approximately 60 cm in length, 40 cm wide and 40-cm deep was opened in the field to allow access to the root system. The needle boards were pressed against the vertical walls of the trenches perpendicular to the soybean rows using a hydraulic jack, and removing a soil block with intact roots. The monoliths were centered on the soybean row to maximize the volume of root sampled. One monolith was collected for each plot (a total of three replications). The monoliths were covered with plastic wrap for transportation and storage. After prior wetting, the monoliths were immersed in a 6% NaOH solution, where they remained for 60 min to promote soil dispersion and minimize roots damage during washing. Clean roots were cut off in sections of 5 cm in depth and analyzed separately. The evaluation of total RLD was performed by digitalizing the roots with a scanner (Epson Expression 11000XL, Epson America, Inc., Long Beach, CA), in a 600 dpi resolution. The generated images were analyzed using the WinRhizo Pro software (Régent Instruments, Québec City, QC, Canada). Root classes were established based on root diameter values and divited in three categories (<0.25 mm, 0.25-0.5 mm, and >0.5 mm).
Grain yield was obtained by hand harvesting three randomly selected subsamples within each plot. Harvest area for each subsample was 8 m 2 for a total of 24 m 2 of harvested area from each plot. Grain weight and moisture were measured for each plot and yield was reported at 130 g kg -1 moisture content.
Soil penetration resistance (SPR) was measured prior to soybean planting and after harvest using an electronic penetrometer (PLG1020-PenetroLOG, Falker, São Geraldo, Brazil) collecting a total of 10 randomly selected subsamples for each location, sampling was completed for 0-to 35-cm depth and values were reported for every 5-cm increments. After harvest, SPR measurements were completed for the three selected treatments (ST-DB, NT-BR, NT-SB), a total of 10 subsamples per treatment were colletced in the soybean row.
Statistical Analysis
All statistical analyses were completed in SAS Studio (version 9.4; SAS, Cary, NC). Soybean root data were analyzed using PROC GLIMMIX (restricted maximum likelihood estimation) procedure. Phosphorus fertilizer placement and tillage treatments were considered as fixed factors in the model, and blocks were considering as random factor. Sampling depth was included as repetead measure in the model (Littell et al., 2006) . The covariance structure used in the model was the compound symmetry. Corrected denominator degrees of freedom were obtained using the Kenward-Roger adjustment. Mean comparison was done using the LSMEANS and SLICE option in PROC GLIMMIX.
reSultS and diScuSSion

Soybean Root Length Density
Phosphorus fertilizer placement strategies affected soybean root growth and distribution in the soil profile (Table 1 ). The exposure of the root system to zones with high P concentrations due to fertilizer application combined with soil disturbance promoted by tillage systems resulted in changes in the root architecture. Highly weathered tropical soils usually has low soil test phosphorus (STP) levels, in part due to the high content of Fe and Al oxides and low soil pH. These soil characteristics are more pronounced near the subsurface (Friesen et al., 1997) . However, crop residue and P fertilizer input can result in higher P concentration near the soil surface while changes in the subsoil are typically minimum (da Costa and Crusciol, 2016) . In addition to low soil P in the subsoil, root growth can be inhibited by high Al saturation associated with low pH (Kochian, 1995; da Costa and Crusciol, 2016) . In our study, the STP value at the 20-to 30-cm depth corresponds to about 3 and 9% of the STP value at the 0-to 5-cm depth for Locations 1 and 2, respectively (Fig. 1) . This result suggests that the P fertilizer management used in previous years at these locations were efficient at increasing the STP values for shallow layers only. As the P has low mobility in the soil the build up in the subsoil did not occur.
The treatment ST-DB with subsoil placement of P fertilizer promoted an increase in soybean root growth shown by the higher RLD in deeper soil layers at both locations (Fig. 3) . In the 20-to 25-cm sampling depth, the total average RLD for the ST-DB treatment was 76 and 85% greater than the ST-B at Locations 1 and 2, respectively (Fig. 3) . The deep placement application of P fertilizer resulted in increased STP levels at the 20-cm depth (data presented in Hansel et al. [2017] ) which likely contributed to estimulate root growth at this sampling depth (Fig. 1) . It was also possible that P fertilizer application contributed to reduce any possible negative effect of soluble Al to the root growth (Meurer et al., 2006) . Thus, a greater density of roots in deeper soil layers with the ST-DB treatment is likely due to the combination of P fertilizer placement as well as tillage ( Fig. 3 and 4) . (Drew, 1975; Granato and Raper, 1989) .
The fertilizer placement and tillage systems that fostered higher concentrations of P close to the surface (ST-B, NT-B, and NT-SB) also promoted a shallow preferential zone for soybean root growth. In our study, those treatments (ST-B, NT-B, and NT-SB) showed about 69 and 59% of the total roots in the 0-to 10-cm layer at Locations 1 and 2, respectively (Fig. 3) . The higher nutrient availability and nutrient cycling near the soil surface is typically more pronounced under NT system due to a higher amount of crop residues kept on the soil surface. The high soil organic matter in the soil surface as well as higher soil pH due to lime application can also prevent P fixation by Fe and Al oxides in tropical soils (da Costa and Crusciol, 2016). As a consequence, highly branched root system to the detriment of the primary root are formed; and characterized by the stimulated formation and emergence of lateral roots and root hairs (Bates and Lynch, 1996; Williamson et al., 2001 ; Linkohr Table 1 . Significance of F values for the effect of P placement treatments and sampling depth on root length density, root diameter, and soil penetration resistance. Lόpez-Bucio et al., 2002; Péret et al., 2011; Niu et al., 2012) . High root density near the soil surface can be efficient for plant P uptake provided good soil moisture and no drought stress. A greater RLD was observed for the ST-B treatment when compared with NT-B. In Location 1, the ST-B showed greater total RLD for all sampling depths when comparted to NT-B, except in the 0-to 5-cm sampling depth (Fig. 3) . In Location 2, the ST-B treatment showed greater total RLD in the 5-to 10-and 10-to 15-cm sampling depth when compared to the NT-B treatment, but no difference at other sampling depths (Fig. 3) . The use of strip tillage (ST-B treatment) resulted in lower SPR values in the entire soil profile allowing an increase in RLD growth (Fig. 3 and 4) . Previous studies reported a negative relation between SPR and soybean root growth. Soybean root growth can be reduced by 50% with SPR values of 0.69 MPa near the soil surface; and root growth can be completely inhibited with SPR values of 2.00 MPa (Rosolem et al., 1994) . Other studies reported SPR of 0.5 MPa as detrimental for soybean root dry matter (Fernandez et al., 1995) . Thus, the greater root growth found in the ST-B treatment compared to the NT-B treatment can also be related to the soil disturbance generated with the strip tillage, the effect of the planter's shank was limited to 0-to 10-cm layer (Fig. 4) .
Fixed effect
Under NT system, P fertilizer application either as broadcast or band-applied with the planter (NT-BR and NT-B treatments) resulted in similar RLD values in the 0-to 5-cm sampling (Fig. 3) . These results are different from previous studies suggesting that surface P fertilizer application in NT system can increase the overall root growth near the soil surface when compared to planter-banded P fertilizer application (Williamson et al., 2001) . The initial STP level at the 0-to 10-cm sampling depth was high at both locations (35 and 42 g kg -1 for Locations 1 and 2, respectively) it was likely that aditional P fertilizer application to the surface resulted in little or no aditional effect on soybean root growth ( Fig. 1 and Hansel et al. [2017] ). Root system growth and maintenance represent a high energy cost for the plant (Eissenstat and Yanai, 1997) . Therefore, under a high soil P availability, the plant will likely limit root biomass growth given than smaller root systems can supply the plant nutrient demands. On the other hand, root growth can be stimulated by nutrient starvation (Nacry et al., 2005) , and roots tend to grow widely in the soil to access a larger soil volume, or develop localized roots proliferation around higher nutrient availability zones in the soil profile (Borkert and Barber, 1985) . This strategy promotes a more efficient use of energy in the plant, investing in root development only when and where necessary.
Results from our study showed an increase in root length in the 10-to 15-cm sampling depth for the NT-BR treatment (Fig. 3) compared with the NT-B treatment and the NT-SB treatment (without strip-tillage). The root distribution with the NT-BR treatment may limit the access to P fertilizer when compared to the planter-banded and surface-banded P fertilizer treatments (NT-B, NT-SB). With the NT-BR treatment, soybean plants stimulated lateral root growth contributing to increase the volume of soil exploration and increase the surface area in contact with the soil to improve P uptake efficiency (Williamson et al., 2001 ).
Soybean Root Diameter
Soybean root diameter was also affected by P fertilizer placement and tillage treatments. The root distribution in the soil profile (Fig. 5) shows the NT-B treatment categorized in three diameter classes. Results showed that regardless the treatment evaluated in this study, most of the roots were <0.5 mm in diameter at all sampling depths. The root function as well as the energetic costs to produce and maintain these roots are determined primarily by their structure and especially by their diameter (Raven and Edwards, 2001) . Also, the uptake of a nutrient with a low concentration and low diffusion coefficients in the soil, such as P, can be higher per unit of root biomass for structures of smaller diameter (McCully, 1999; Raven and Edwards, 2001) . Therefore, fine roots explore a much larger volume of soil per root volume unit improving water and nutrient uptake.
The NT-B can be considered one of the most widely used P fertilizer placement options and therefore we used as baseline comparison for other treatments (Fig. 6) . When the NT-B treatment was compared to the ST-DB treatment we found higher RLD for most classes of root diameter at the 10-to 25-cm depth, in both locations. At Location 1, ST-DB showed 44% higher total RLD for the <0.5 mm diameter over the NT-B treatment, whereas for Location 2 this difference was about 20%.
The tillage effect in the ST-B treatment also promoted an increase in total RLD for the <0.25 and 0.25 to 0.5 mm root diameter. About 21 and 33% more roots were observed in the ST-B treatment when compared with the NT-B treatment for the same root diameter classes in Locations 1 and 2, respectively (Fig. 6) . Fertilizer P was placed at the same depth for the ST-B and the Fig. 4 . Soil penetration resistance (SPR) collected before the application of P fertilizer placement treatments and after harvest of the soybean. (ST-B) ; no-till with broadcast (NT-BR); and no-till with surface band with the planter (NT-SB).
NT-B treatments, and therefore is likely that the higher RLD found in the ST-B treatment was in part due to the tillage component from the strip-till operation (particularly for Location 1). On the other hand, when similar tillage systems are compared (ST-DB and ST-B treatments), we observed an effect of the deep placement of P, with the ST-DB treatment showing an increase of 85 and 78% in RLD at the 20-to 25-cm depth in Locations 1 and 2, respectively. The exposure of the root system to zones with high P concentrations in the soil profile likely generated an increase in the initiation and subsequent extension of the primary and secondary roots reaching deeper soil layers (Drew, 1975; Salisbury and Ross, 1992) . The ST-DB treatment showed a decrease in STP stratification promoted by NT and a substantial increase of root growth in deeper soil layers which was not observed for the ST-B treatment.
Comparing the NT-BR treatment with the NT-B there was no clear influence of the P fertilizer placement on root diameter (Fig. 6) . It should be highlighted that P fertilizer placement at or near the soil surface for these two treatments (NT-BR and NT-B) was to a soil surface with already high STP levels that may play a key role in root growth. However, the broadcast treatment promoted an increase of roots of <0.5 mm diameter at 10-to 15-cm sampling depth, corresponding to 57 and 39% to Locations 1 and 2, respectively. These results suggest that under NT system soybean can have higher root growth with broadcast P fertilizer placement (compared to NT-B and NT-SB) . Other studies also found that plant root growth can be higher when P fertilizer was not concentrated in one area, likely incentivizing overall root growth (Niu et al., 2012) . The NT-SB treatment showed a similar root diameter distribution to the NT-B treatment for all sampling depths. The possible effect of P fertilizer placement at the soil surface with the NT-B and NT-SB treatments were likely masked by already high STP values.
Soybean Yield under Induced Drought
An induced water stress was imposed to the P fertilizer placement and tillage treatments using rain-out shelters to exclude rainfall at the soybean reproductive growth stage. The total precipitation during the study as well as the reduction in precipitation achieved with the use of rain-out shelters are presented in Fig. 2 .
The ST-DB treatment promoted the highest resilience to drought stress from the treatments evaluated in this study at both locations (Fig. 7) . The impact of a drought event resulted in 9% reduction in grain yield at Location 1 and 0.3% at Location 2 with the ST-DB treatment. There was a yield penalty of 4 kg ha -1 mm -1 of water restricted at Location 1 and 1 kg ha -1 mm -1 at Location 2. The deeper root growth promoted by the ST-DB treatment likely allowed for plants to access profile water more efficiently, helping to meet the high demand at the critical seed filling growth stage considered to be aproximatelly 7 to 9 mm d -1 (Ribas-Carbo et al., 2005) .
No-till with broadcast P treatment (NT-BR) showed intermediate sensibility to water stress showing a grain yield penalty of 20% at Location 1 and 2% at Location 2 (Fig. 7) . In the NT-BR treatment was observed a yield reduction of 9 kg ha -1 mm -1 of water restricted at Location 1 and 3 kg ha -1 mm -1 at Location 2. The increment of roots at the 10-to 15-cm layer found for the NT-BR in relation to NT-B (Fig. 3) could have led to a better exploration of the soil profile stored water.
Management that resulted in a greater RLD on the soil surface showed the greatest yield penalty due to the induced drought stress (treatments NT-B and NT-SB) (Fig. 7) . Roots near the soil surface likely became dependent on the moisture provided by rainfall events (Lynch, 2013; Tron et al., 2015) . The yield penalty for the NT-B treatment due to drought stress was about 28 and 4% at Locations 1 and 2, respectively. In the NT-SB treatment we observed a yield penalty of 30 and 13% at Locations 1 and 2, respectively. These treatments showed lower water use efficiency with yield reductions of 12 and 6 kg ha -1 mm -1 of water for the NT-B treatment; and 13 and 18 kg ha -1 mm -1 of water for the NT-SB treatment at Locations 1 and 2, respectively. These results suggest that the mulch effect (residue promoted by NT systems) was not enough to increase water-use efficiency under drought events and P fertilizer placement and tillage systems that promote deep root growth contributes to improve soybean resilience to drought events. The total yield penalty observed at Location 2 was generally lower (Fig. 7) . This may be due in part to the total amount of water restricted at each location with 94 mm at Location 1 and 31 mm at Location 2 (Fig. 2) .
In the last decades, several studies evaluated P fertilizer placement strategies worldwide and most studies show little or no difference in soybean yield due to P fertilizer placement under optimum production conditions (Nkebiwe et al., 2016) . However, changes in the root system promoted by P placement strategies has not been evaluated under field conditions, and these changes in root growth can affect the capacity of the plant to adapt to water stresses. Drought is considered as one of the main factors contributing to year-to-year yield variability in rainfed and dryland agriculture (Purcell et al., 2000) . Therefore, it is likely that a closer evaluation of drought stress and the timing of the stress may help explain the results observed in previous studies evaluating the effect of P fertilizer placement in soybean. Results from our study showed that P fertilizer placement and tillage system affect soybean root growth and resilience to short-term drought stress. The ST-DB treatment showed a significant increase in root growth at deeper soil layers resulting in an effective drought mitigation strategy when compared to other traditional system used by farmers.
concluSionS
In long-term NT, in soils with high P fixation capacity, we found a clear development of a nutrient gradient in the soil profile which can favor a shallow soybean root growth. Phosphorus fertilizer placement strategies modified root growth and affected the adaptability of the soybean plant to environment stress. Changes in root system interfere directly with plant-soil interactions, altering nutrient and water uptake. Thus, all changes in P fertilizer management will likely influence root growth and can affect crop yield. The ST-DB treatment promoted an increase of RLD in the 20-to 25-cm soil layer. The strip tillage promoted lower soil penetration resistance values with a consequent increase in the root system growth in the soil profile. However, greater RLD were found with the combination of strip tillage and deep band P fertilizer placement (ST-DB). Values for RLD near the soil surface were generally similar for the NT-BR, NT-B, and NT-SB treatments. As an indirect effect of root growth, P fertilizer placement methods affected the drought tolerance of soybean plants, where treatments that promoted deeper root system growth showed reduced yield penalties under induced drought. Thus, our results showed that the combination of some soil disturbance combined with deep placement of P fertilizer (ST-DB) has the potential to mitigate the negative effects of short-term drought stress during soybean reproductive growth stages.
